We fabricate low-noise visible-blind ultraviolet photodetectors of indium tin oxide=SrTiO 3 =Ag (ITO/STO/ Ag) based on the properties of STO bandgap excitation and the conductance of ITO thin film. The ITO films are epitaxially grown on STO wafers as electrodes and windows of the photodetectors, simultaneously. The photodetectors have low noise and very good electromagnetic shielding. The dark current is as low as 270 pA even at a 200 V bias. The peak responsivity reaches to 30 mA=W at the wavelength of 360 nm. From the experimental results, the same ideas can be generalized to develop visible-blind and solar-blind UV photodetectors based on wide bandgap materials, such as LaAlO 3 , LiNbO 3 , LiTaO 3 , BaTiO 3 , ZnO, MgO, and ZrO 2 .
Introduction
Ultraviolet (UV) light detection has drawn a great deal of interest in recent years due to many civil and military requirements, such as fire forecasting, secure communication, and environmental detection [1] [2] [3] . In particular, UV detection with high discrimination against visible and infrared light is ideal for detection under the background of visible and infrared radiation. Although traditional semiconductors, including Si and GaAs, can be used in UV detection, they need external filters to block visible and infrared light due to their long wavelength response. Some groups have reported UV photodetectors based on wide bandgap materials, including III-V nitrides [4, 5] , cBN [6] , ZnO [7] , and diamond [8] . However, the UV photodetectors require a complicated fabrication process and high-cost manufacture. Recently, we reported visible-blind or solar-blind UV photodetectors based on the perovskite oxide single crystals with wide bandgap, including SrTiO 3 (STO) [9, 10] , LaAlO 3 [11] , LiNbO 3 [12] , and LiTaO 3 [13] , with Au interdigitated electrodes. Photodetectors based on the perovskite oxide single crystals have high sensitivities and low dark currents; however, practical devices must have anti-interference abilities. There are some problems with the structure of interdigitated electrodes. One problem is that the anti-interference is not good enough for electromagnetic interferences. Another problem is contaminants, such as the dusts or particles, in the air. Contaminants with conductive particles may lead to short circuits between interdigitated electrodes so that photodetectors cannot work well. In this paper, we report the low-noise visibleblind UV photodetectors of indium tin oxide (ITO)/ STO/Ag based on the properties of STO bandgap excitation and the conductance of ITO thin film.
Experimental Details
Indium tin oxide thin films as transparent electrodes have been widely used in panel displays, solar cells, and optoelectronics due to ITO's low electrical resistivity and high transparency [14] [15] [16] . Figure 1 shows the schematic diagram of the ITO/STO/Ag photodetectors. ITO thin film is epitaxially grown on a surface of STO as an electrode and window. The ITO thin film is connected in the cavity with Ag glue as a function of electromagnetic interference. The other surface of STO is smeared with Ag glue uniformly as another electrode. Because the ITO film has a good metallike property, the detector chip is a metal(ITO)-insulator (STO)-metal(Ag) (MIM) structure. The detector chip and the sampling resistance R are installed in a Cu cavity, so the photodetector has low noise and a very good electromagnetic shield. The mechanism of photocurrent is similar to STO photodetectors with interdigitated electrodes [10] and can be understood as following: the incident light passes through the ITO film and into the STO single crystal, STO absorbs the incident photons and generates the photocarriers (electrons and holes). The photogenerated electrons and holes are separated by the electric field of the supplied bias and then form the photocurrent. We have proved that the cutoff wavelength of a STO single crystal is at about 390 nm, corresponding to 3:2 eV of STO bandgap [9, 10] . The photoelectric process in STO is a bandgap excitation process, which indicates that the device has an intrinsic characteristic of visible blindness.
The STO wafers used in the present study are assupplied commercial STO single crystals with a purity of 99.99% and are mirror polished. The geometry of STO wafers is 5 mm × 10 mm with a thickness of 0:5 mm. We epitaxially grow ITO thin films on the STO wafers by a laser molecular-beam epitaxy system [17] . The preparation conditions of the ITO films are as follows: a sintered ceramic ITO target (In 2 O 3 :SnO 2 ¼ 90∶10 wt:%) is used in our experiment; the laser beam has a wavelength of 308 nm, a repetition rate of 2 Hz, and a duration of 25 ns; the energy density was approximately 1:5 J=cm 2 ; the temperature of the STO wafers was kept at 680°C; and oxygen pressure of 1:5 × 10 −1 Pa was maintained throughout the deposition. ITO films with thicknesses of 10, 20, 50, and 200 nm were deposited on the STO wafers. The thicknesses of the ITO films are controlled by the intensity oscillations of in situ reflection high-energy electron diffraction (RHEED) and further confirmed by a surface profile measuring system. To obtain the optimal MIM structure, we polished three pieces of STO with 10 nm ITO films mechanically, and let the thicknesses decrease to 0.1, 0.18, and 0:25 mm. We studied the influences of the thicknesses of the ITO film and the STO single crystal on the photoelectric sensitivity. As shown in Fig. 1 Figure 3(a) shows the bias dependence of the photocurrent responsivities for the three photodetectors with 10 nm thick ITO film and different STO thickness of 0.1, 0.18, and 0:25 mm under the irradiation of 365 nm light, respectively. The photocurrent responsivities increase linearly with applied bias for all three photodetectors. The responsivities increase rapidly with the decrease of STO thickness, and the maximum responsivities of a photodetector with a 0:1 mm STO reaches 14 and 29 mA=W at 100 and 200 V bias, respectively. It is easy to understand that the thinner STO wafer has the larger electrical field under the same applied bias, so the responsivity of photodetector with a thinner STO is higher than that with a thicker STO. After carefully fitting the experimental data, we got a relationship of photocurrent of ∝ t −2 , where t is the thickness of the STO wafer. This agrees well with the theory of photoconductive detectors [18, 19] . Figure 3 (b) presents the photocurrents varying with power density for the same three photodetectors and measurement conditions as Fig. 3(a) . The photocurrents also present a good linear relationship with the power density for all the three photodetectors, and the responsivities increase with the decrease of STO thickness. The inset of Fig. 3(b) shows the photocurrents varying with power densities for a photodetector with a 0:1 mm STO under the illumination of a weak light. The photodetector can detect UV light as low as 3:4 nW or even more smaller, indicating that the photodetectors have a high responsivity.
We further studied the influences of the thickness of ITO films on the responsivity of photodetectors with 0:1 mm STO and different ITO thickness of 10, 20, 50, and 200 nm using an Hg lamp (253:65 nm). Figure 4 exhibits the photocurrent responsivity of photodetectors as a function of the applied bias under Hg lamp illumination. The photocurrent responsivities increase linearly with applied bias for all the three photodetectors. It is obvious that the responsivities increase rapidly with the decrease of ITO thickness. The results indicate that, despite the ITO thin films having the advantage of high conductivity, the absorption of UV light is a disadvantage for UV photodetectors because the bandgap of ITO is ∼4 eV [16] . To improve the responsivity of detectors, it is suitable to choose the thinner ITO film as the electrode.
The spectral response is measured using a 30 W D 2 lamp as a light source and a monochromator combined with an optical chopper and a lock-in amplifier. Figure 5 shows the spectrum response of a photodetector with 0:1 mm STO and 10 nm ITO film at 200 V bias. The wavelength of the peak response is at 360 nm, and the photocurrent responsivity is about 30 mA=W. The quantum efficiency η is calculated to be 10.3% according to the formula η ¼ R i hv=q, where R i is the responsivity of the photodetector, h is the Planck constant, v is the frequency of incident light, and q is the electronic charge. The cutoff wavelength is at about 390 nm, which is in agreement with the absorption spectrum of STO single crystals [9] . The UV/visible contrast ratio is over 3 orders of magnitude, indicating that the photodetector has intrinsic visible blindness. The bias dependence of the dark current is shown in the inset of Fig. 5 for a photodetector with a 0:1 mm STO and 10 nm ITO film. The dark currents are only 40, 76, 127, and 270 pA at 10, 40, 100, and 200 V, respectively, because the STO single crystal is an intrinsic insulator without UV light illumination.
Conclusions
We have designed and successfully fabricated a lownoise visible-blind MIM UV photodetector based on the properties of STO bandgap excitation and the conductance of ITO thin film. The dark current is as low as 270 pA even at a 200 V bias. The photodetector has a high responsivity and can detect UV light at 3:4 nW or even smaller. The responsivity and quantum efficiency are not higher than those of a STO single crystal with interdigitated electrodes, as we reported previously [10] ; however, from the point of view of application, the MIM structure photodetectors have many potential applications in UV detection due to the low noise and adequate responsivity. In addition, the responsivity can be improved greatly by, for example, further decreasing the thickness of the STO or replacing the STO single crystal with STO thin films. Furthermore, the ideas can be generalized to develop new visible-blind and solar-blind UV photodetectors with wide bandgap materials, such as LaAlO 3 , LiNbO 3 , LiTaO 3 , BaTiO 3 , ZnO, MgO, and ZrO 2 .
